Deletion of the yeast homologue of frataxin, YFH1, results in mitochondrial iron accumulation and respiratory deficiency (petite formation). We used a genetic screen to identify mutants that modify iron-associated defects in respiratory activity in ⌬yfh1 cells. A deletion in the peroxisomal citrate synthase CIT2 in ⌬yfh1 cells decreased the rate of petite formation. Conversely, overexpression of CIT2 in ⌬yfh1 cells increased the rate of respiratory loss. Citrate toxicity in ⌬yfh1 cells was dependent on iron but was independent of mitochondrial respiration. Citrate toxicity was not restricted to iron-laden mitochondria but also occurred when iron accumulated in cytosol because of impaired vacuolar iron storage. These results suggest that high levels of citrate may promote iron-mediated tissue damage.
T
he yeast YFH1 gene and its mammalian orthologue, frataxin, are nuclear genes that encode mitochondrial proteins (1) . In humans, mutations in frataxin are responsible for the neurologic and cardiac disease Friedreich's ataxia (2) . The most common mutation of frataxin is an expansion of a GAA triplet within the first intron of the frataxin gene (3) . The effect of the triplet expansion is to reduce frataxin transcription and protein concentration. Although the frataxin protein is highly conserved in eukaryotes, there is no consensus regarding the function of Yfh1p͞frataxin. Suggested roles for the protein include mitochondrial iron storage (4, 5) , iron-sulfur biosynthesis (2, 6) , regulation of respiration (7) , and control of antioxidant defenses (8) . Although the function of Yfh1p͞frataxin is unknown, it is thought that the pathophysiology of the human disorder results from a mitochondrial defect (9) . In yeast, a deficit of Yfh1p leads to accumulation of mitochondrial iron, which reacts with oxygen metabolites to generate oxygen radicals, resulting in a respiratory deficit (1, 10) . We used a genetic screen to identify genes that would preserve the respiratory activity of ⌬yfh1 cells. We report that deletion of CIT2, a gene that encodes an extramitochondrial citrate synthase, can markedly attenuate the iron toxicity in ⌬yfh1 cells and preserve respiratory activity. Alternatively, overexpression of CIT2 can induce toxicity when iron accumulates in either the mitochondria or in the cytosol, the latter as a result of impaired iron storage. Although extracellular citrate is an iron chelator, these results suggest that intracellular citrate iron complexes are toxic.
Materials and Methods
Strains, Growth Media, and Plasmids. DY150 [MATa, 112, can1 -100 (oc)] and DY1457 [MAT␣, 112, ade6 , can1-100 (oc)] were derived from the W303 strain of Saccharomyces cerevisiae. The METYFH1 strain [⌬yfh1, pMET3YFH1[URA3] (a yfh1 strain that has a plasmid containing the YFH1 gene controlled by the MET3 promoter in a vector that has a URA3 gene)] was generated by crossing the ⌬yfh1 [MATa, 112 , trp1-1, ade2-1, can1-100 (oc), yfh1::HIS3] strain with DY1457 as described (10) . The expression of YFH1 was inhibited by growing cells in complete synthetic media (CM) supplemented with methionine (330 g͞ml).
Gene deletion of CIT2 and RTG2 was created by an insertion of the kanamycin resistance gene (11) . Deletion candidates were selected on yeast extract͞peptone͞dextrose (YPD) supplemented with G418 (200 g͞ml) and verified by Southern blot. CIT2 plasmid was generated in which the CIT2 gene was placed under the control of the ADH1 promoter. CIT2 DNA was synthesized by PCR with primers annealing to the 5Ј sequence adjacent to the ATG (076: TCC CCC GGG ATG ACA GTT CCT TAT CTA AAT TCA AAC A) and 3Ј sequence adjacent to the stop codon of the ORF (077: CCC AAG CTT CTA TAG TTT GCT TTC AAT GTT TTT GAC CAA). The PCR product was cloned into a 2-vector to create a high copy CIT2 plasmid, termed pRS425ADHCIT2, and into a centromeric vector to create a low copy CIT2 plasmid, termed pRS415ADHCIT2.
Cells were routinely grown in CM with 2% glucose. Appropriate media lacking specific nutrients were used to maintain plasmids within cells. To make iron-free CM, an iron chelator, bathophenanthroline sulfonate (BPS), was added at 40 M; FeSO 4 was added at 2.5 or 5 M to make low-iron media of BPS (2.5) and BPS (5), respectively.
Suppressor Screen. The MET YFH1 strain (⌬yfh1, pMET3YFH1[URA3]) was mutagenized by transformation with a minitransposon-inserted yeast genomic library (generously provided by Michael Snyder, Yale University, New Haven, CT), and transformants were selected on media lacking leucine (12) . Cells were replica-plated to CM lacking leucine but containing 5-fluoroorotic acid to ensure loss of the pMET3YFH1 plasmid. Cells then were replica-plated to glycerol-ethanol medium containing 500 M FeSO 4 (13). Colonies able to grow then were streaked to BPS media, which contains low iron. Only cells able to grow on BPS media were selected for further study. The inserted transposon was rescued by using the procedure of Burns et al. (12) . The rescued plasmid was sequenced to determine the location of transposon insertion into the yeast genome.
Citrate Analysis. The citrate content of cells was determined as described (14) . Briefly, yeast was grown in CM and harvested at mid-log phase (5-8 ϫ 10 6 cells per ml). Citrate was extracted in perchloric acid, neutralized, and analyzed with a citric acid analysis kit (Roche Molecular Biochemicals). Between 0.5 and 1 ml of citrate extract was incubated with reaction buffer containing NADH, lactate dehydrogenase (LDH), and malate dehydrogenase (MDH). Absorbance at 340 nm was measured to determine the background level of NADH clearance. Citrate lysate then was added to the reaction to determine citratedependent clearance of NADH.
Iron-Dependent Petite Formation. Cultures of METYFH1 cells were grown in CM in the presence or absence of methionine (330 g͞ml) for 15-18 h. The media also were supplemented with iron (FeSO 4 ) at the specified amounts. At the end of the incubation, cells were plated on CM plates lacking methionine. Cells were allowed to grow for 2 days before being replica-plated to yeast extract͞peptone͞glycerol͞ethanol (YPGE) (2% glycerol and 2% ethanol) to determine the number of petite colonies. All experiments were repeated at least three times. Although there is variation in the absolute degree of petite formation, the relative degree of petite formation in cells with either CIT2 deletions or CIT2-containing plasmids compared with control cells or ⌬yfh1 cells was consistent.
Quantification of mRNA Analysis by S1 Nuclease Assay. Yeast cells were harvested at mid-log phase, and total RNA was extracted by vigorous vortex mixing with glass beads in phenol͞ chloroform͞isoamyl alcohol (25:24:1) solvent. DNA oligonucleotides, with complementary sequence to the transcripts of CIT2 and CMD1 (calmodulin, an internal control), were end labeled with 32 P by using T 4 polynucleotide kinase. The CIT2 oligo (088) sequence is: GCC AAC CCG TTC AAA CCT GAT GCA AGG GAC AGA TAA GGTGAT GAT AGT GCT GAC CCC CAC CTC. The CMD1 oligo (CMD1OLIGO) sequence is: GGG CAA AGG CTT CTT TGA ATT CAG CAA TTT GTT CGG TGG AGC C. The 32 P-labeled oligos then were hybridized with 25 g of total RNA in Hepes buffer (38 mM Hepes, pH 7.6͞0.3 M NaCl͞1 mM EDTA͞0.1% Triton X-100) at 55°C for at least 12 h. The reaction mixtures were digested with S1 nuclease, and the undigested double-strand oligos with specific mRNA were ethanol-precipitated and denatured by heat in formamide buffer. The oligo DNA then was separated on an 8 M urea͞polyacrylamide gel in modified TBE buffer (134 mM Tris͞44 mM boric acid͞3.5 mM EDTA, pH 8.0), followed by autoradiography. Fe (0.5 M in the presence of 1 mM ascorbate in LIM-EDTA buffer) at 30°C for 10 min, and iron transport activity was assayed as described (15) .
Accumulation of 59 Fe in mitochondria was assayed as described (13) . Briefly, cells (1 ϫ 10 9 ) were incubated with 59 Fe (0.5 M in the presence of 1 mM ascorbate in 100 ml of LIM-EDTA) at 30°C for 10 min. The cells were washed three times with cold EDTA-containing buffer and then incubated for 2 h in fresh media in the absence of radioactive iron. At the end of the incubation, cells were harvested, spheroplasts were prepared, and membranes were recovered by centrifugation of a postnuclear supernatant at 15,000 ϫ g for 30 min. The membranes were layered onto a 0-25% iodixanol gradient, which was centrifuged at 12,000 ϫ g for 2 h. The gradient then was fractionated into 16 fractions. The amount of 59 Fe in each fraction was determined. The radioactivity in each fraction was expressed as a percentage of the total radioactivity in the postnuclear supernatant. As shown previously (10), mitochondria are found in fractions 3-9 of an iodixanol gradient and are well separated from other organelles.
Results

Identification of CIT2 as a Modifier of Respiratory Function in ⌬yfh1
Cells. A strain of yeast, METYFH1, which has a deletion in the YFH1 gene transformed with a plasmid containing a MET3 promoter-regulated YFH1 gene, retains normal mitochondrial function when grown in the absence of methionine (10, 13) . This strain was ''mutagenized'' by transformation with a transposoninserted genomic library (12) . Cells that could grow on respiratory substrates in the absence of the pMET3YFH1 plasmid were selected ( Fig. 1) . Because deletions in genes required for highaffinity iron transport also preserve respiratory activity in a ⌬yfh1 strain, only cells capable of growth on low-iron media were selected for further study. Thirty thousand colonies were screened, and 17 colonies were able to grow on respiratory substrate. Of the 17 candidates, 3 were able to grow on low-iron plates. One colony, termed sup6, was studied in detail. Southern blot analysis revealed that only one copy of the transposon had integrated into the genome. The integrated genomic construct was rescued and sequenced, revealing that the transposon had integrated into the RTG2 gene and was expected to lead to a gene disruption.
To confirm that disruption of RTG2 was responsible for the ability of ⌬yfh1 cells to grow on glycerol-ethanol, we generated a targeted deletion of RTG2 in the METYFH1 strain. When Yfh1p is expressed (absence of methionine), both METYFH1 and ⌬rtg2͞METYFH1 strains were respiratory-competent even in the presence of high levels of iron. When Yfh1p is absent (presence of methionine), there is a marked increase in the number of petite cells in METYFH1 cells (10, 13) . Deletion of RTG2 in the absence of Yfh1p expression resulted in preservation of respiratory activity, as shown by the reduced number of petite cells (Fig. 2 A) . With iron concentrations below 50-100 M, ⌬rtg2͞METYFH1 cells retained respiratory activity. With iron concentrations above 100 M, both METYFH1 and the ⌬rtg2͞METYFH1 cells had decreased viability in both glucose and glycerol-ethanol media, which precludes a quantitative assay of petite formation (data not shown).
The product of the RTG2 gene is a component of a signaling pathway that regulates the transcription of a specific set of nuclear genes in response to mitochondrial dysfunction (16) . This interorganelle signaling pathway is called retrograde regulation. It is thought that the RTG-dependent pathway encodes proteins that provide essential metabolites, which compensate for those lost when mitochondrial function is compromised. Cit2p was identified as a peroxisomal citrate synthase, although the amino-terminal sequence of the protein also may permit a mitochondrial localization (17) . Transcription of CIT2 is regulated by the RTG-dependent pathway (16) . Deletion of CIT1, which encodes the mitochondrial citrate synthase, results in reduced respiratory activity, whereas deletion of CIT2 has no effect on respiratory activity. Because citrate is a known iron chelator, we determined whether the ability of the RTG2 deletion to preserve the respiratory activity of ⌬yfh1 occurred through its effect on CIT2 transcription. In cells not expressing Yfh1p, deletion of CIT2 reduced iron-dependent petite formation to the same extent as deletion of RTG2. Deletion of both CIT2 and RTG2 in a METYFH1 strain did not lead to increased protection (Fig. 2 A) . In some yeast strains the RTG-dependent pathway is induced by conditions that lead to a respiratory deficit, and there is little transcription of CIT2 in cells with respiratory-competent mitochondria (18) . In yeast strains derived from W303 (including the strain used in these studies), the RTG2-dependent signaling pathway seems to be constitutively active, and CIT2 transcription is unaffected by respiratory activity or carbon source (19) (Fig. 2B) . Deletion of RTG2, however, results in the absence of CIT2 transcription, indicating that in this yeast strain, CIT2 is regulated by RTG2, independent of mitochondrial respiration.
Citrate Levels Modify Iron Toxicity. Measurement of citrate levels showed that deletion of CIT2 resulted in a 50% decrease in citrate concentration in cells expressing Yfh1p (Fig. 3A) . Transformation of ⌬cit2͞METYFH1 cells with a low copy plasmid containing an ADH1 promoter-regulated CIT2 restored citrate to near normal levels. In the absence of Yfh1p, these transformed cells showed a rate of iron-dependent petite formation identical to that of methionine-grown METYFH1 cells (data not shown). Transformation of ⌬rtg2͞METYFH1 cells with a low copy CIT2 plasmid also resulted in a near normal level of citrate (Fig. 3A) and a restoration in iron-dependent petite formation (Fig. 3B) . This result confirms that the preservation of respiratory activity caused by a deletion in the RTG pathway is due to the loss of CIT2 expression. Overexpression of CIT2 (high copy vector) elevated citrate concentration by 30-50% above wild-type levels. No phenotype was observed in wild-type cells (or METYFH1 cells grown in the absence of methionine) overexpressing CIT2. In the absence of Yfh1p, however, cells that overexpress CIT2 were unable to grow on glycerolethanol media (data not shown) and showed a severe growth defect even on glucose media (Fig. 3C) .
Citrate-Mediated Toxicity Is Iron-Dependent. Two different experiments showed that the toxic effect of citrate was irondependent. First, as shown (10, 20) , reduction in media iron prevents petite formation in ⌬yfh1 cells. Expression of either low copy or high copy CIT2 plasmids in METYFH1 cells increases petite formation in the absence of Yfh1p. Reduction of available media iron through the addition of the iron chelator BPS preserves respiratory activity, as shown by a reduction in petite formation (Fig. 4A) . Second, overexpression of the vacuolar iron transporter CCC1 increases vacuolar iron storage, which lowers cytosolic iron. Decreased cytosolic iron prevents excessive mitochondrial iron accumulation in cells that do not express Yfh1p (13, 21) . Overexpression of CCC1 protected pCIT2-transformed METYFH1 cells from the toxic effect of increased citrate concentration (Fig. 4B) . Together, these results demonstrate that citrate toxicity is iron-dependent.
The Protective Effect of a CIT2 Deletion Can Be Overcome by High Iron.
The loss of respiratory competence in ⌬yfh1 cells results from mitochondrial iron accumulation (10, 20) . We tested the hypothesis that deletion of CIT2 preserves respiratory activity by lowering mitochondrial iron accumulation. We tested this hypothesis by measuring cellular iron transport, because mitochondrial iron accumulation lowers cytosolic iron, resulting in activation of the surface transport system (1, 10). Iron transport activity is low in CM-grown cells that express Yfh1p, whereas iron transport activity is increased dramatically in the absence of Yfh1p (Fig. 5A) . If Yfh1p is expressed, deletion of CIT2 has little affect on iron transport activity, whereas in the absence of Yfh1p, ⌬cit2 cells show a reduced rate of iron transport. Deletion of RTG2 has the same effect on iron transport as deletion of CIT2. This result is consistent with preservation of mitochondrial respiratory activity caused by reduced levels of mitochondrial iron. High levels of media iron result in a high degree of petite formation in cells not expressing Yfh1p, even in the face of a deletion in CIT2. This high degree of petite formation correlates with mitochondrial iron accumulation, as shown by measuring either surface iron transport activity (data not shown) or, more directly, mitochondrial iron (Fig. 5B) . In this experiment, cells were exposed to a high concentration of 59 Fe in the presence of ascorbate for 10 min. Addition of ascorbate bypasses the need for a cell surface reductase and permits cells to accumulate a Disruption of RTG2 or CIT2 suppresses loss of respiratory activity in ⌬yfh1 cells. (A) Cells (METYFH1, ⌬rtg2͞METYFH1, ⌬cit2͞METYFH1, and ⌬cit2͞⌬rtg2͞METYFH1) were grown to mid-log phase and then were transferred to media supplemented with methionine and iron for 18 h. The cells then were plated on glucose-containing plates lacking methionine. The number of cells that lost respiratory activity was determined by replica plating to YPGE. (B) CIT2 mRNA level was determined by S1 nuclease assay. Total RNA was extracted from a wild-type strain, DY150, grown in glucose (YPD)-or glycerol-ethanol (GE)-based media; a rho 0 isogenic strain derived from the wild type, grown in YPD; ⌬yfh1 grown in YPD; and four other strains: METYFH1, ⌬rtg2͞METYFH1, ⌬cit2͞METYFH1, and ⌬rtg2͞⌬cit2͞METYFH1 grown in CM lacking both methionine and uracil. S1 nuclease analysis was performed with oligomers specific to CIT2 and to CMD1 (calmodulin) as described in Materials and Methods.
bolus of iron. After incubation with 59 Fe, cells were washed and incubated in 59 Fe-free medium for 2 h. The cells were homogenized, mitochondria were isolated with an iodixanol gradient, and the amount of 59 Fe was determined. Under these conditions, the amount of mitochondrial iron accumulated was the same in ⌬cit2͞METYFH1 and METYFH1 cells. Thus, when cells are exposed to high levels of iron, the protective effect of a CIT2 deletion is overcome.
The Toxic Effect of Iron Citrate Is Not Restricted to Mitochondria.
Citrate-mediated toxicity also is seen when iron inappropriately accumulates in the cytosol. Cells with a deletion in CCC1 are Fig. 3 . Expression of CIT2 restores iron-dependent toxicity. (A) Citrate levels were determined in cells. METYFH1, ⌬cit2͞METYFH1, and ⌬rtg2͞METYFH1 were transformed with various plasmids: control vector (pRS425ADH), high copy CIT2 plasmid (pRS425ADHCIT2), and low copy CIT2 plasmid (pRS415ADHCIT2). Total cellular citrate was acid-extracted from overnight cultures under the condition that permits Yfh1p expression. The amount of extracted citrate was determined by using a citric acid kit (Roche Molecular Biochemicals). (B) The rate of iron-dependent petite formation was measured in METYFH1, ⌬rtg2͞METYFH1, and ⌬rtg2͞METYFH1 transformed with a low copy CIT2 plasmid as described in the legend of Fig. 2 . (C) Serial dilution of cells (METYFH1 and METYFH1 transformed with a high copy CIT2 plasmid, pRS425ADHCIT2) was spotted on CM plates supplemented with methionine (330 g͞ml) and FeSO4 (5 M).
Fig. 4.
Iron deprivation preserves respiratory activity in METYFH1 transformed with a high copy CIT2-containing vector. (A) METYFH1 transformed with either a high copy CIT2 plasmid (pRS425ADH1CIT2) or low copy CIT2 plasmid (pRS415ADH1CIT2) was grown in CM supplemented with methionine at 330 g͞ml (CM). An iron chelator, BPS (40 M), and FeSO4 (2.5 or 5 M) were added to the medium to make low-iron media of BPS (2.5) and BPS (5), respectively. Cells were harvested, diluted, and plated onto CM plates lacking methionine. Colonies then were replica-plated to YPGE to determine the number of petite cells. (B) METYFH1 cells, transformed with control vectors, high copy CIT2 plasmid (pRS425ADHCIT2), or a high copy CCC1 plasmid (pCCC1), were grown on CM plates as indicated.
unable to transport iron into vacuoles, have higher cytosolic iron levels than wild-type cells, and are more sensitive to media iron (21) . Overexpression of CIT2 in ⌬ccc1 cells exacerbates iron toxicity (Fig. 6) . Thus, citrate iron toxicity is not restricted to mitochondrial iron.
Citrate is an essential metabolite used by the tricarboxylic acid cycle. We considered that the increased citrate concentration might lead to an increase in respiration rate, resulting in the generation of H 2 O 2 , which might react with the mitochondrial iron resulting in increased amounts of oxidant damage. Two experiments, however, exclude this possibility. First, transformation of wild-type cells, grown in either glucose or glycerolethanol, with either a high or low copy CIT2 plasmid, did not affect the rate of oxygen consumption (data not shown). Second, the loss of cell viability attributable to overexpression of CIT2 is seen in cells lacking a mitochondrial genome (rho 0 ), which are unable to respire. These results suggest that respiratory activity is not required for the toxic effect of citrate.
Discussion
Citrate has iron-chelating activity and can function physiologically as an iron carrier (22) . Plants transport iron in xylem as iron citrate. When mammalian transferrin is highly saturated, plasma iron also can be found bound to citrate (23) . Most eukaryotes can reduce extracellular iron citrate complexes, permitting the uptake of Fe 2ϩ by specific transport systems. Although citrate is a physiologically relevant extracellular iron carrier, the role for citrate in intracellular iron metabolism remains unclear. A role for citrate in intracellular iron metabolism has been proposed because iron regulatory protein 1 (IRP1) in the presence of high iron is converted into a cytosolic aconitase (24, 25) . Under conditions in which iron storage is promoted through increased ferritin synthesis, an active aconitase might lower cytosolic citrate levels. A reduction in citrate would lead to less ironchelation capacity and might promote iron storage in ferritin (26) . Despite these considerations, no phenotype is seen in the IRP1 knockout mouse (27) .
Our previous studies have shown that iron causes mitochondrial damage in cells that do not express Yfh1p (10) . When ⌬yfh1 cells are incubated in low to moderate amounts of iron (Ͻ100 M), deletion of CIT2 leads to reduced toxicity, whereas overexpression of CIT2 leads to increased toxicity. Citrate-mediated iron toxicity is not restricted to ⌬yfh1 cells but also is seen in other conditions that result in deregulation of mitochondrial iron homeostasis. ISA1 is a nuclear gene that encodes a mitochondrial protein required for iron-sulfur cluster formation (28, 29) . In the absence of ISA1, cells are respiratory-incompetent and accumulate mitochondrial iron. Overexpression of CIT2 in these cells leads to a loss of viability (data not shown). This result shows that the toxic effect of iron citrate is not specific to Yfh1p but is seen under other conditions associated with mitochondrial iron accumulation.
It is curious that overexpression of CIT2 has only a modest effect on elevating citrate levels yet leads to a severe effect on cell growth. Iron limitation, either by media deprivation or increased iron storage (overexpression of CCC1), eliminates citrate-dependent toxicity. We observed that mitochondrial iron accumulation correlated with the respiratory deficit. Deletion of , and ⌬rtg2͞METYFH1 were grown in CM with and without methionine (YFH1 ''off'' and YFH1 ''on,'' respectively) for 18 h. Cells were washed, and iron transport activity was assayed by using 59 Fe ascorbate. (B) METYFH1 and ⌬cit2͞METYFH1 cells were grown in CM with or without methionine (YFH1 ''off'' and YFH1 ''on,'' respectively) for 18 h. The cells were incubated with 59 Fe ascorbate for 10 min, washed, and then incubated for 2 h in 59 Fe-free media. Cells were homogenized, and membranes were applied to an iodixanol gradient as described in Materials and Methods. The gradient was fractionated, and radioactivity in each fraction was determined relative to the total radioactivity. Fig. 6 . Citrate-mediated iron toxicity is not restricted to mitochondrial iron. Wild-type cells and ⌬ccc1 transformed with a control vector, a high copy CIT2 plasmid (pRS425ADHCIT2), or a high copy CCC1 plasmid (pCCC1) were spotted on iron-containing media. Cells were incubated at 30°C for 2 days before being photographed.
CIT2 lowers mitochondrial iron accumulation and petite formation, whereas exposure of cells to high iron overcomes the protective effect of the CIT2 deletion, resulting in high levels of mitochondrial iron and a high degree of petite formation. We cannot determine whether citrate acts as an iron carrier increasing mitochondrial iron accumulation or whether citrate reacts with iron already present in mitochondria, increasing oxidant damage, which promotes further mitochondrial iron accumulation. Defects in iron-sulfur biosynthesis are known to lead to mitochondrial iron accumulation (for review see ref. 30 ). Loss of two proteins involved in the iron-sulfur pathway, Yfh1p and Nfs1p, leads to mitochondrial iron accumulation due to inhibition of mitochondrial iron export (31) . One of the enzymes required for iron-sulfur biosynthesis, Yah1p, is an iron-sulfurcontaining enzyme (32) , and iron-sulfur proteins are highly susceptible to oxidant damage. Decreases in Yah1p lead to mitochondrial iron accumulation (33, 34) . Thus, citrate iron could oxidize Yah1p, leading to a damaged protein unable to function in iron-sulfur cluster synthesis. The resulting decrease in iron-sulfur cluster synthesis then might lead to increased mitochondrial iron, promoting further oxidant damage.
We currently favor the hypothesis that citrate iron complexes lead to oxidant damage. Citrate-dependent iron toxicity is not restricted to mitochondrial iron accumulation. We observed that iron-dependent toxicity is increased by citrate when inappropriate iron accumulation occurs either in mitochondria or cytosol. In a variety of in vitro systems, citrate Fe 3ϩ complexes lead to increased oxidant damage (35, 36 results in the peroxidation of lipids in test solutions and in isolated mitochondria. There is some debate as to which oxidant radical is involved, superoxide anion (36) and͞or hydroxyl radical (37) production. Citrate iron toxicity is favored by intracellular conditions that provide a reducing environment, which, by providing a pool of Fe 2ϩ , would increase citrate-dependent iron oxidation.
The results of our studies on yeast may reflect mammalian iron pathophysiology. Our data offer a partial explanation for the tissue specificity seen in Friedreich's ataxia. Although all tissues show a deficit of frataxin, cardiac tissue particularly is affected. Nearly all patients with Friedreich's ataxia suffer from cardiac toxicity, and cardiac toxicity also is seen in the mouse model of the disease (2) . Cardiac tissue has the highest reliance on respiration as an energy source and shows the highest concentration of citrate (38) . Based on our results, we predict that increased mitochondrial iron due to frataxin deficiency would preferentially injure cardiac tissue. Increased iron-dependent toxicity due to citrate may explain the observation that biochemical parameters of damage in mouse cardiomyocytes occur before histochemically measurable iron accumulation (2) . Much of the tissue damage in ischemia-reperfusion injury also is due to increased cytosolic iron, because iron chelation reduces tissue pathology (39) (40) (41) , but during ischemia reperfusion there is also a 4-to 6-fold increase in citrate (42) . Our results suggest that the combination of iron and citrate promotes tissue injury.
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